distance may increase the coupling effect. When using two spiral inductors, their edge distance limit and relative orientation should be chosen appropriately to meet certain requirements. 
To analyze the performance degradation of interfered communication links, one of the key issues is the modeling of interfering noise. Many theoretical and experimental studies have modeled microwave oven noises. For example, empirical models were developed using the noise's amplitude probability distribution (APD) [1] , [2] . Middleton's impulse noise model was also used to evaluate the performance degradation of wireless links with respect to the bit-error rate (BER) [3] . In recent years, stochastic models have been developed considering the fact that actual oven noises have periodic burst envelopes. For instance, intermittent Gaussian noise chopped by periodic pulses was used to study a direct-sequence spread-sequence (DS-SS) system in [4] . Reference [5] proposed a method for producing periodic bursts of random noise having a given Middleton's class-A APD.
These stochastic models are, however, expressed in terms of statistical parameters such as APD, and hence no information is provided on time-domain noise waveforms. This is a drawback because the models cannot be applied directly to the evaluation of short-term BER characteristics of interfered communication systems. Furthermore, it should be noted that an actual microwave oven noise waveform greatly changes with frequency. Therefore, such stochastic models are ineffective in analyzing the BER degradation of an interfered frequency-hopped spread-spectrum (FH-SS) system because different values of the statistical parameters must be used for different hopping frequency channels. To resolve the above problems, this paper proposes a new model for microwave oven noise that takes into account the noise generation mechanism and its characteristics. The model is not stochastic but given by a simple function in the time domain. It is demonstrated that the model can simulate properly an actual noise waveform as well as a frequency spectrum of the microwave oven noise.
II. PROPERTIES OF MICROWAVE-OVEN NOISE
A magnetron in a microwave oven behaves like a diode and generates RF energy only in the time interval while the driving voltage (anode voltage) exceeds the threshold for the oscillation [6] . In the oven, a high driving voltage is produced from the ac mains voltage by supplying it to a step-up transformer directly or through an inverter. As a result, microwave ovens generate RF pulses in the 2.4-GHz band at the frequency of the ac mains (50 to 60 Hz) or at the switching frequency of the inverter (typically 30 to 50 kHz). Commercially available ovens are categorized into two groups with respect to the high-voltage generation: the transformer type and the inverter type. The RF pulse is a pulsed sinusoidal wave whose instantaneous amplitude and frequency vary widely with the instantaneous magnetron driving voltage. Fig. 1 shows examples of the envelope of RF pulses emitted from the two different types of oven. The vertical axis represents the envelope amplitude in decibel microvolts. The noises were measured at 1 m from the ovens with a double ridged guide horn antenna (DRGA) having a directivity of 10 dBi. The noise envelopes were observed at different frequencies (fc) using a spectrum analyzer with a resolution bandwidth of 10 MHz. The ac mains frequency in this case was 50 Hz and the switching frequency of the inverter was about 30 kHz. Accordingly, the duration of the RF pulses are around 8 ms and 15 s for the transformer type and the inverter type, respectively.
As shown in Fig. 1 , when the center frequency of the spectrum analyzer is decreased, the time-domain waveform gradually changes from (1) to (5) in Fig. 1(a) , or from (1)to (3) in Fig. 1(b) , and the noise pulses suddenly disappear at a certain frequency. Nonetheless, very short pulses generated by parasitic oscillations of the magnetron immediately before and after the main oscillation may be observed.
The peak noise amplitudes shown in Fig. 1 (a) and 1(b) correspond to an input of about 020 dBm to a wireless receiver connected to an omni-directional antenna. In such a high-noise environment, for example, an IEEE802.11b WLAN receiver has difficulty in establishing a connection, because a usual signal input is from 090 to 040 dBm.
Even if the receiver is separated from the oven by several meters, the link quality may be significantly degraded.
III. NOISE MODEL

A. Time-Domain Waveform
Considering the above-mentioned mechanism of RF pulse generation, we made the following assumptions on the RF pulse characteristics in order to develop a noise model. 1) A noise pulse has a width equal to the time interval during which the driving voltage V (t) exceeds the threshold voltage V 0 .
2) The instantaneous amplitude of the pulse envelope varies linearly with the driving voltage (AM).
3) The instantaneous frequency also changes linearly with the driving voltage (FM). Thus, the following model can be proposed for microwave oven noise: (1) Note that f 0 and f max are the carrier-frequency (about 2.45 GHz) and the maximum-frequency deviation for the FM, respectively, and that the driving voltage V (t) is normalized by its maximum value. The maximum amplitude of the envelope is given by jI 0 j, and the phase of I0 is assumed to be uniformly distributed within [0, 2] . The AM with a cutoff threshold voltage V0 is given by
This model can be realized by combining an FM modulator and a nonlinear AM modulator as schematically shown in Fig. 2's to an inverter-type oven having a full-wave rectifying circuit following a step-up transformer.
Since the magnetron oscillation is strongly affected by the volume, position, and temperature of the food materials in an oven, the actual values of the noise parameters I0, f0, fmax, and V0 vary considerably with time due to the change in such load conditions. However, the load conditions fluctuate very little during the symbol duration or the packet duration of a communication system. We can therefore assume the noise parameters to be constant for evaluating the short-duration BER of an interfered communication system. For longer duration, the BER can be evaluated by averaging the short-duration BERs weighted with the probability distributions of the noise parameters.
B. Band-Limited Waveforms
In the receiver of a wireless system, interfering oven noises are bandlimited by the RF and IF filters as shown in Fig. 2 . A band-limited noise waveform is therefore necessary to investigate the impact on wireless system performance and to make a comparison with actual noise char- an asymptotic approximation can be applied to the integral (4) as explained in Appendix. Then, the filtered noise can be represented as I b (t) = n 0jf max V 0 (t n ) 0 h(t 0 t n )I(t n ) where t n (n; integer) denotes the time when the instantaneous frequency of the input noise coincides with the center frequency of the filter fc, namely f 0 + f max V (t n ) = f c ; V(t n ) > V 0 : (8) Approximation (7) indicates that, if the center frequency f c is within a range of from f 0 + V 0 f max to f 0 + f max , a series of output noise pulses may be expressed as a superposition of the impulse responses of the filter. It should be noted that the factor (0jf max V 0 (t n )) 01=2 in (7) diverges at t n satisfying V 0 (t n ) = 0. This is because the condition B 2 jfmaxV 0 (tn)j < B0 2 is not fulfilled and ts is a second order saddle point at such an instant t n . The factor (0jf max V 0 (t n )) 01=2 in (7) should be replaced with (2jf max V 00 (t n )=3!) 01=3 0(1=3)=3 when jfmaxV 0 (tn)j is smaller than 
Using the measured values of the parameters listed in Table I , the bandwidth B0 is estimated to be about 0.1 MHz for the transformer-type oven and 2.6 MHz for the inverter-type oven.
C. Determination of Noise Parameters
The proposed noise model has six independent parameters, fv, fs, f 0 , f max , I 0 , and V 0 . All the parameters can be determined by measuring noise characteristics. The ac mains frequency fv and switching frequency fs can be measured directly from the repetition rate of the noise pulses. The remaining four parameters can be evaluated from the noise spectrum. As illustrated in Fig. 3 , the main part of the noise spectrum exists in a frequency range between two cutoff frequencies f 1 and f 2 . If a spectrum analyzer with a sufficiently wide resolution bandwidth [around B0 defined by (5)] is used, the observed spectrum has a peak amplitude jI 0 j at the upper cutoff frequency, f 1 = f 0 + f max , and it has an amplitude of V 0 jI 0 j at the lower cutoff frequency, f 2 = f0 + V0fmax. Using the above relationships, the parameters f0, fmax, jI 0 j, and V 0 can be obtained by determining f 1 and f 2 . Table I summarizes the noise parameters estimated from the measured waveforms and spectra shown in Figs. 1 and 4(a) .
It should be noted that the lower cutoff f 2 is in some cases unclear in a spectrum, as shown in the Fig. 4(a) . This ambiguity is caused by very short noise pulses generated by parasitic oscillations of the magnetron. As mentioned in Section II with reference to Fig. 1 , parasitic oscillations may occur shortly before and after the main oscillation, emitting very short pulses in a wide frequency range lower than that of the main oscillation pulse. For example, in the case of Fig. 1(a) , the main oscillations start and stop at frequencies around 2.432 GHz, but short pulses can be observed in the transition period shown in Fig. 5 [reproduced from Fig. 1(a) ]. Such short pulses occasionally have considerably high amplitudes, which results in a broad frequency spectrum like Fig. 4(a) when measured with a spectrum analyzer in the maximum hold mode. However, the cutoff frequency f2 can be determined from the frequency at which the major noise pulses vanish in the time-domain waveform.
This paper primarily focuses on modeling of the major noise components emitted by microwave ovens, because the parasitic noise components have much shorter time duration in comparison with the major ones. Table II summarizes estimated values of the noise parameters of [7] transformer-type ovens commercially available in Japan. The parameters were obtained from noise spectra reported in [7] . The spectra were measured with a DRGA placed at a distance of 1 m from a microwave oven loaded with 1 liter of water.
IV. WAVEFORM AND SPECTRUM OF MODELED NOISE
Using Table I 's parameters, band-limited noise waveforms were calculated from (4) assuming the filter to be an ideal Gaussian filter with a bandwidth of 10 MHz. The results for different center frequencies are shown in Figs. 6. A comparison between Figs. 1 and 6 clearly indicates that the proposed time-domain model yields a very good approximation to actual waveforms of the microwave oven noise particularly in respect to the peak amplitude and pulse width.
The frequency spectrum of microwave oven noise was also measured with a spectrum analyzer in the maximum hold mode as shown in Fig. 4(a) . For comparison, a numerical simulation was conducted with the aforementioned parameters. The results are shown in Fig. 4(b) , which obviously prove that the proposed model should be effective in the frequency domain as well.
In the measured spectra of Fig. 4(a) , the cutoff frequency f 2 is not clear because of the existence of very short parasitic noise pulses generated at frequencies below f2, as mentioned in the previous section. The parasitic pulses of a microwave oven may be much shorter than the noise bursts of the main oscillation, so that they are not deemed as the primary interference sources of communication systems. Hence, the proposed noise model does not simulate such parasitic noise components. 
V. CONCLUSION
A time-domain noise model was developed for analyzing interference in wireless communication systems caused by a microwave oven in the 2.4-GHz band, taking into account the noise generation mechanism and simulating its characteristics. The model is represented by a very simple analytic formula with six parameters that can be determined from measurements and could be easily realized using a set of FM/AM modulators. In addition, band-limited noise model were derived in order to evaluate the degradation of interfered wireless systems. The validity and effectiveness of the noise model was proven by comparing the waveform and the frequency spectrum of actual noises with those of the proposed model.
It was concluded that the proposed model provides a powerful tool for evaluating and improving the link quality of wireless systems disturbed by microwave oven noises. Then, the integral of (A2) with respect to can be expanded in a Taylor series as follows: (A3)
Since B = 1=0 > B0 max(fmaxjdV (t)=dtj) 1=2 in Case I, the third and higher order terms in (A3) can be assumed to be negligible. Substituting the first two terms of (A3) into (A2), the filtered noise I b (t) is obtained as where h0(t) is the equivalent base-band expression of the impulse response h(t), that is h(t) = h 0 (t) exp(2j f c t):
(A7) Since h0 and U are slowly varying for the period of fmax 01 in Case II, an asymptotic approximation using the steepest descent method is applicable to the integral of (A5). Saddle points sn are determined by the following condition: From (A8), tn = t0sn (n; integer) can be determined as the instances when the instantaneous frequency of the noise pulse f 0 + f max V (t) coincides with the filter center frequency f c . Then, the approximated form of filter output I b (t) is obtained as follows [8] : 
